Abstract
) allowance for background concentrations) dissolved metal. Such a revision 40 reflects the awareness that Zn is a potential pollutant, yet there has been a paucity of data 41 published on its speciation in estuarine and coastal waters, particularly regarding the free 42 metal ion concentration. 1 The reasons for this are related to low concentrations (relative to 43 freshwaters) present in estuarine and coastal waters, relatively weak complexation of Zn with 44 dissolved organic ligands and a saline matrix, leading to significant analytical challenges. 2 
45
EQS have been set or proposed for a number of trace elements including Cu, Ni and Zn in 46 freshwaters taking account of the bioavailability of metals by using either Biotic Ligand Models 47 (BLMs) or statistical models by using factors such as pH, calcium and dissolved organic 48 carbon (DOC). [3] [4] [5] [6] In estuarine and coastal waters, however, the development of BLM has been 49 more challenging owing to the complex matrix and the constantly changing physico-chemical 50 characteristics, such as salinity, suspended solids and organics (both natural and 51 anthropogenic). Recently, a BLM approach been proposed for Cu in saline waters by the US 52 EPA 7 based on USEPA 2007 information, 3 but no BLM or BLM-influenced statistical model 53 approach as of yet has been developed for Zn in salt waters. 54
The ability to predict the free metal ion concentration is pre-requisite to setting a scientifically 55 robust EQS that takes metal speciation into account. Thermodynamic equilibrium models have 56 been developed (e.g. WHAM/Model VII, 8, 9 FIAM 10 and Visual MINTEQ 11 ) for calculating the 57 speciation of trace elements in fresh waters and these can also be applied to saline waters 58 successfully. 1 However, in many cases there are fewer data available for validating model 59 outputs particularly complexing ligand concentrations and strength. A recent review showed 60 that, since 1984, only four papers reported [Zn 2+ ] in estuaries across the USA, Netherlands 61 and SE Asia 2 and not all of them covered the full salinity range expected in an estuary. 62
Five surveys carried out on a temperate flooded river valley estuary in the SW of England 63 (Tamar) have generated comprehensive Zn speciation data, including free metal ion 64 concentrations, complexation capacity and natural ligand dissociation constants, using 65 competitive ligand exchange cathodic stripping voltammetry (CLE-AdCSV).
66
The aim of this study was to provide essential information required for the development of an 67 estuarine BLM for Zn. To this end, the Zn speciation within the Tamar estuary was appraised 68 against physico-chemical parameters, such as salinity and DOC, and the latter was 69 characterized further using fluorimetric analysis 12 The Tamar estuary (16 km in length) runs from Gunnislake Weir to the English Channel and 78 comprises two significant tributaries of the Lynher and Tavy ( Figure S1 ). 15 The estuary has 79 been contaminated with metals from a variety of sources including previous mining of arsenic, 80 copper, zinc and lead;
16 from the dockyards and marinas using zinc anodes and antifoulant 81 paints; 17 and effluents from sewage works containing metals as well as potentially complexing 82 ligands ( Figure S1 ). 18 Other sources of metal complexing ligands include spring and summer, 83 phytoplankton blooms in the lower estuary as observed via chlorophyll 'a' measurement in this 84 work ( Figure S2 ) and previously. 19 Five full estuary transects (typically 8 sampling stations) 85
were undertaken between July 2013 and February 2013 covering different seasons with 86 variations in river flow, salinity, and the presence of phytoplankton blooms during the spring 87 and summer months. Not all surveys have a complete data set owing to practicalities and 88 sampling based on trying to achieve a representative range of salinities, which is reflected in 89 the representation of surveys in some graphs and tables. 90
Chemicals and reagents 91
As previously reported 20 all chemicals used were of analytical grade or higher and ultrahigh 92 purity (UHP) water (Elga Process Water, resistivity = 18.2 MΩ cm) and trace metal 93 specification hydrochloric acid (6 M, ROMIL SpA) was used throughout to minimise 94 contamination from Zn. Zn standards were prepared from Romil PrimAg reference solutions. 95
All samples were buffered (pH 7.8 (+/-0.1) using HEPES buffer (1 M) ] predictions were generated using the following input parameters (further default 151 parameters in Table S3) (Table S3) . To run the model, the pH used for the laboratory Zn speciation measurements and determined 175
Zn concentrations were applied. Major ion concentrations (except carbonate) were obtained 176 using a combination of salinity and freshwater endmember major ion measurements. Modeling 177 was done under two scenarios of differing carbon dioxide equilibration between the 178 atmosphere and water. In Scenario S1, carbonate speciation was determined using the default 179 equilibria and binding constants, assuming equilibrium with the atmosphere and a partial 180 pressure of CO2 of 400 ppm. In Scenario S2, in order to maintain consistency with typical 181 methods for evaluating the carbonate system in marine environments, Uncertainty in predictions was modelled using repeated estimates of input measurements and 188 model parameters made using the assumption of a normal or log-normal distribution around 189 the measured or default value, coupled with an absolute or relative error value. 32 Here 190 previously reported error values were applied of: ±0.1 absolute error on measured pH, ±5% 191 relative error on measurements except for DOC, ±9% relative error on DOC, ±1K absolute 192 error on temperature, and ±0.3 absolute error on the intrinsic metal-fulvic binding constant. This reflects the low complexation capacity determined at both APDC concentrations, lack of 265 ligand excess ( Figure S3 ) and low DOC concentrations (31 -123 µm C) observed during this 266 survey (Table S2) . concentrations. However, to develop a BLM or to be able to extrapolate data to other estuaries 290 then the ability to accurately predict the Zn speciation is essential. 291 Figure 4 provides a detailed analysis of VM outputs using the input parameters detailed in the 292 methodology section and Table S3 of the ESI. VM provides three options for converting DOC 293 concentrations to metal complexing ligands, the Nica-Donnan, Gaussian and Stockholm 294 Humic Models). The theory associated with these calculations is provided in S3 of the ESI. 295
For six sites of varying salinity from 0 to 33 where a full dataset was available, the model was 296 run using the three options for predicting metal complexation based on inputted DOC 297 concentration (Gaussian, Nica Donnan and Stockholm Humic Model). 298 299 
3). 307
The distribution of Zn between free ion, inorganic and organically complexed species varied 308 considerably among the different approaches to estimating complexing ligand strength and 309 concentrations. When site-specific measured complexation capacity and ligand concentration 310 were entered into VM, the best fit between measured and calculated Zn 2+ and organically 311 bound Zn was achieved (Figure 5 and S3 Cotehele, Figure 5 ) for both, VM and WHAM. In these locations, humic and fulvic type ligands 338
were dominant (see below) and present at relatively high concentrations. Measured log K 339 values for Zn-organic complexes at these sites ranged between 7.74 and 9.66, which is much 340 higher than, for example, the assumption used for the VMNICA-D calculations. VMNICAD-D 341 assumes complexation by fulvic acid alone (log K = -3.84 for carboxylic and logK = 0.73 for 342 phenolic functional groups, respectively). 343
The measured log Ks are conditional binding constants, which are specific to the water 344 composition, as they do not consider the influence of competition for binding to organic matter 345 to "active" FA ratio of 1.27, based on previous work. 37 However, the ratios obtained by Bryan 363 and co-workers 37 from 14 freshwaters showed an inter sample variation by a factor of over 364 two, from 0.80 to 1.82. Results demonstrate the importance of using an appropriate approach 365 for handling carbonate speciation and show predictions for marine systems are improved with 366 this approach. Furthermore, if there were more comprehensive data on the nature of marine 367 DOM and transitions across salinity gradients these could be built into generic models. 368
However, the (current) reliance on freshwater and soil fulvic acid/humic acid data means some 369 discrepancy is likely if the two end member DOMs are different in character (see Section 3.5). 370 Whilst this research shows reasonable predictions can be achieved for estuarine/seawater, it 371 has been shown that as the waters get more saline the trend is for a greater discrepancy 372 between measurement and modeling. An important observation is that in terms of potentially using these models for implementing 385 an EQS, that none of the default modes lead to over-prediction of measurements and therefore 386 will be conservatively protective. 387
Relationships between free Zn ion and DOC

388
The results of VMTamar calculations show that it is possible to use VM to predict the [Zn 2+ ] to 389 within an order of magnitude when details for site-specific complexation parameters (ligand 390 concentrations and conditional stability constants of metal-ligand complexes) are entered into 391 the model. This provides a certain degree of confidence in the agreement between the 392 speciation programme outputs for Zn and measured ligand parameters that can be factored 393 into a safety margin with respect to setting EQSs. However, the model outputs for predicted 394 free metal ion concentration based on inputs of DOC concentrations alone gave a poorer 395 prediction of the free ion concentration, and therefore the most potentially bioavailable and 396 toxic metal fraction. The possible reasons for this have been explored further below. 397 DOC concentrations of 30 to 500 µM C in the samples were consistent with those observed 398 previously in the Tamar. 39 In comparison, zinc complexation capacities for the samples were 399 in the region of 10 to 500 nM, typically three orders of magnitude lower (Figure 3 samples. 20 The lack of data for Zn speciation in saline waters means there are no data to 406 corroborate these findings, which in itself was a key incentive to undertake this research. 407
Plotting Zn complexation capacity (Lx) against DOC showed a weak positive correlation, but 408 at higher DOC concentrations the data scatter became pronounced. The only firm conclusion 409 which may therefore be drawn is that at low DOC concentrations, complexation capacity is 410 low, with complexation capacity likely to be higher where DOC concentrations exceed 300 µM. 411
For the purposes of predicting [Zn 2+ ], there is no obvious relationship that could be applied. 412
The fact that the complexation, and therefore Modeling using VM generated reasonably accurate estimates of Zn 2+ , provided site specific 503 values for ligand strength and concentration were entered. Inputting DOC concentration and 504 allowing the model's in-built algorithm to estimate complexation capacity generated over-505 estimates of Zn 2+ , particularly at low salinities, where default fulvic acid log K assumptions 506 appear to under-estimate complexation. A similar trend was observed for the WHAM VII model 507 with much improved agreement between predicted and observed free metal ion at higher 508 salinities, and uncertainties of measured values exceeding those of predictions. 509
Although models generating over-estimates of the more toxic Zn species is a conservative 510 approach to risk assessments, to develop BLMs for estuarine waters it is necessary to be able 511 to accurately predict free metal ion concentrations. The Tamar data presented here for Zn 512 speciation (which are scarce in comparison with Cu speciation data) for the first time provide 513 vital metal-ligand complexing strengths and ligand concentrations detected at various 514 competitive ligand strengths across full salinity ranges which may be used for future modeling 515 and regulatory purposes. 516 
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